The elliptic flow of electrons from heavy-flavour hadron decays at mid-rapidity (|y| < 0.7) is measured in Pb-Pb collisions at √ s NN = 2.76 TeV with ALICE at the LHC. The particle azimuthal distribution with respect to the reaction plane can be parametrized with a Fourier expansion, where the second coefficient (v 2 ) represents the elliptic flow. The v 2 coefficient of inclusive electrons is measured in three centrality classes (0-10%, 10-20% and 20-40%) with the event plane and the scalar product methods in the transverse momentum (p T ) intervals 0.5-13 GeV/c and 0.5-8 GeV/c, respectively. After subtracting the background, mainly from photon conversions and Dalitz decays of neutral mesons, a positive v 2 of electrons from heavy-flavour hadron decays is observed in all centrality classes, with a maximum significance of 5.9σ in the interval 2 < p T < 2.5 GeV/c in semicentral collisions (20-40%). The value of v 2 decreases towards more central collisions at low and intermediate p T (0.5 < p T < 3 GeV/c). The v 2 of electrons from heavy-flavour hadron decays at mid-rapidity is found to be similar to the one of muons from heavy-flavour hadron decays at forward rapidity (2.5 < y < 4). The results are described within uncertainties by model calculations including substantial elastic interactions of heavy quarks with an expanding strongly-interacting medium.
Introduction
The main goal of the ALICE [1] experiment is the study of strongly-interacting matter at the high energy density and temperature reached in ultra-relativistic heavy-ion collisions at the Large Hadron Collider (LHC). In these collisions the formation of a deconfined state of quarks and gluons, the Quark-Gluon Plasma (QGP), is predicted by Quantum ChromoDynamic (QCD) calculations on the lattice [2] [3] [4] [5] [6] . Because of their large masses, heavy quarks, i.e. charm (c) and beauty (b) quarks, are produced at the initial stage of the collision, almost exclusively in hard partonic scattering processes. Therefore, they interact with the medium in all phases of the system evolution, propagating through the hot and dense medium and losing energy via radiative [7, 8] and collisional scattering [9] [10] [11] processes. Heavy-flavour hadrons and their decay products are thus effective probes to study the properties of the medium created in heavy-ion collisions.
Heavy-quark energy loss in strongly-interacting matter can be studied via the modification of the transverse momentum (p T ) spectra of heavy-flavour hadrons and their decay products in heavy-ion collisions with respect to the proton-proton yield scaled by the number of binary nucleon-nucleon collisions, quantified by the nuclear modification factor (R AA ). A strong suppression of open charm hadrons and heavyflavour decay leptons is observed for p T > 3 GeV/c in central collisions, both at RHIC ( √ s NN = 200
GeV) [12] [13] [14] [15] [16] and LHC ( √ s NN = 2.76 TeV) [17] [18] [19] [20] energies. The PHENIX and STAR Collaborations measured a R AA of about 0.25 at p T = 5 GeV/c for electrons from heavy-flavour hadron decays at midrapidity in central Au-Au collisions at √ s NN = 200 GeV [13] [14] [15] . In addition a similar R AA for D 0 mesons was measured by STAR [12] . Similar values were measured by the ALICE Collaboration in central Pb-Pb collisions at the LHC for prompt D mesons at mid-rapidity and for muons from heavy-flavour hadron decays at forward rapidity [17] [18] [19] . The p T and centrality distributions of the D meson R AA are compatible, within uncertainties, with those of charged pions [18] . In addition, the modification of the p T spectra is studied separately for beauty and charm via the R AA of D mesons and non-prompt J/ψ from beauty hadron decays measured by the ALICE [18] and CMS Collaborations [21, 22] , respectively. A hint for a smaller suppression for beauty than for charm hadrons is observed at high p T in central Pb-Pb collisions, which is well reproduced by calculations including a mass dependence of the parton energy loss [23] [24] [25] .
Further insight into the transport properties of the medium is provided by the measurement of the azimuthal anisotropy of heavy-flavour hadrons and heavy-flavour decay leptons with respect to the reaction plane, defined by the beam axis and the impact parameter of the nucleus-nucleus collision. In non-central collisions, the initial geometrical anisotropy in coordinate space of the nucleons participating in the collision is converted, by the interactions among the medium constituents, to a final anisotropy in momentum space of the produced particles. This effect can be characterized by the elliptic flow v 2 , which is the second order harmonic coefficient of the Fourier expansion of the particle azimuthal distribution [26] . At low p T the measured large v 2 of light-flavour hadrons [27] [28] [29] [30] is considered as an evidence for the collective hydrodynamical expansion of the medium [31, 32] . On general theoretical ground, the formation time of heavy quarks, shorter than 1/(2 m c,b ) where m is the mass of the quark (≈ 0.08 fm/c for charm), is expected to be smaller than the QGP thermalization time (≈0.6-1 fm/c [33] ) with a very small annihilation rate [34] . The heavy-flavour elliptic flow measurements carry information about their degree of thermalization and participation to the collective expansion of the system. It is also relevant for the interpretation of recent results on J/ψ anisotropy [35] , because the J/ψ mesons formed from charm quarks in a deconfined partonic phase are expected to inherit the azimuthal anisotropy of their constituent quarks [36, 37] . At low and intermediate p T , the v 2 of heavy-flavour hadrons and their decay products is also expected to be sensitive to the heavy-quark hadronisation mechanism. Hadronisation via the recombination of heavy quarks with light quarks from the thermalized medium could further increase the elliptic flow of heavy-flavour hadrons and their decay products [38] [39] [40] . At high p T the v 2 measurements can constrain the path-length dependence of the in-medium parton energy loss, which is different for
The ITS [53] detector consists of six cylindrical silicon layers surrounding the beam vacuum tube. The first two layers are positioned at 3.9 and 7.6 cm radial distance from the beam line. Dealing with the high particle density in this region requires an excellent position resolution, which is achieved with Silicon Pixel Detectors (SPD). The third and fourth layers are radially positioned at 15 and 23.9 cm and consist of Silicon Drift Detectors (SDD), while the two outermost layers are radially positioned at 38 and 43 cm and are made of Silicon Strip Detectors (SSD). The four SDD and SSD layers enable charged-particle identification via the measurement of their energy loss dE/dx with a resolution of about 10-15%.
The TPC [54] detector has a cylindrical shape with an inner radius of about 85 cm, an outer radius of about 250 cm, and a length of 500 cm. The TPC is the main tracking detector of the central barrel and is optimized to provide, together with the other central barrel detectors, charged-particle momentum measurement with excellent two-track separation and particle identification. For a particle traversing the TPC, up to 159 space points are recorded and used to estimate its specific energy loss. The resolution of the dE/dx measured in the TPC is approximately 6% for minimum-ionizing particles passing through the full detector.
At a radial distance of 3.7 m from the beam axis, the TOF detector [55] improves further the particle identification capability of ALICE. It provides a measurement of the time of flight for the particles from the interaction point up to the detector itself with an overall resolution of about 80 ps for pions and kaons at p T = 1 GeV/c in the Pb-Pb collision centrality intervals used in this analysis. The measured time-offlight of electrons is well separated from those of kaons and protons up to p T ≃ 2.5 GeV/c and p T ≃ 4 GeV/c, respectively. The V0 detectors [57] consist of two arrays of 32 scintillator tiles covering the pseudorapidity ranges 2.8 < η < 5.1 (V0A) and −3.7 < η < −1.7 (V0C), respectively. The two arrays are arranged in four rings each around the beam pipe. The V0 detectors are used to select beam-beam interactions online. For Pb-Pb collisions, the total signal amplitude is fitted with a model based on the Glauber approach, which is used to classify events according to their centrality classes [58] , which correspond to percentiles of the hadronic cross section. For instance, the 0-10% centrality class corresponds to the 10% most central events. In addition, the azimuthal segmentation of the V0 detectors allows for an estimation of the reaction plane direction.
The ZDCs [59] are located on both sides of the interaction point at z ≈ ±114 m. Parasitic collisions of main bunches with satellite bunches are rejected on the basis of the timing information from the neutron ZDCs.
The results presented in this paper are based on a data sample of Pb-Pb collisions recorded with ALICE in November and December 2011 at √ s NN = 2.76 TeV. The events were collected with a minimum-bias interaction trigger using information of the coincidence of signals between V0A and V0C detectors. Central and semi-central Pb-Pb collisions were selected online by applying thresholds on the V0 signal amplitudes resulting in two separate trigger classes (central and semi-central triggers). In addition to the central and semi-central data samples, events selected by the EMCal trigger are analysed. The EMCal trigger required an EMCal cluster energy summed over a group of 4×4 cells, implemented as a sliding window, larger than an energy threshold. A centrality-dependent energy threshold was used, varying approximately from 7 GeV in the 0-10% centrality class to 2 GeV in the 80-90% centrality class. The EMCal trigger is in coincidence with the minimum-bias trigger. Detailed trigger information for the ALICE apparatus are reported in [52] . EMCal trigger 1× 10 6 24.4 Table 1 : Number of events and integrated luminosity for the different triggers (see text) and centrality classes considered in this analysis. The centrality classes are expressed as percentiles of the hadronic cross section [58] .
Only events with a reconstructed interaction vertex (primary vertex), determined by extrapolating chargedparticle tracks to the beam line, with |z| < 10 cm from the nominal interaction point are used in the analysis in order to minimize edge effects at the limit of the central barrel acceptance. In addition, the z position of the primary vertex reconstructed using tracklets defined by hit pairs in the SPD is required to agree within 0.5 cm with the one of the primary vertex reconstructed with tracks. Since the v 2 measurements could be biased by multiplicity outliers, the centrality estimated with the V0 information is compared to that estimated using the number of reconstructed tracks in the TPC. Events with an absolute difference between the centrality estimated with the V0 detectors and the one estimated with the TPC detector larger than 5%, corresponding to events with pile-up from different bunch crossings, are rejected from the analysis. The event selection removed about 5% of the total number of events depending on the trigger and the centrality of Pb-Pb collisions. The number of events analysed after applying the event selection are listed in Table 1 for the different centrality classes and triggers together with the corresponding integrated luminosity. The EMCal trigger is not used in the 0-10% centrality class because of the high statistics achieved with the central trigger.
Data analysis
The elliptic flow of electrons from heavy-flavour hadron decays v e ± ←−HF 2 is obtained from the measurement of the inclusive electron elliptic flow v e ± 2 by subtracting the elliptic flow of electrons which do not originate from heavy-flavour hadron decays, v Bkg 2 . Exploiting the additive property of the particle azimuthal angle distribution with respect to the reaction plane, v e ± ←−HF 2 can be expressed as:
where R SB is the ratio of the heavy-flavour decay electron yield to that of background electrons. In this paper, electrons from heavy-flavour hadron decays include electrons from quarkonium decays, whose contribution is however expected to be small as discussed in Section 3.4. In the following sections, the v e ± 2 and R SB measurements are presented, as well as the two procedures to determine v Bkg 2 .
Track selection and electron identification
Electron candidate tracks are required to fulfill the track selection criteria summarized in Table 2 . Tracks are selected by requiring at least 100 associated space points in the TPC with at least 90 used for the dE/dx calculation and a value of the χ 2 /point of the momentum fit in the TPC smaller than 3.5. These selection criteria suppress the contribution from short tracks, which are unlikely to originate from the primary vertex. To further reduce the contamination from particles originating either from weak decays of light hadrons or from the interaction of other particles with the detector material, only tracks with a maximum value of the distance of closest approach (DCA) to the primary vertex in both the xy-plane (DCA xy < 2.4 cm) and the z direction (DCA z < 3.2 cm) are accepted. In addition, in order to minimize the contribution of electrons coming from γ conversions in the detector material at large radii, hits in both SPD layers are required for all selected tracks in the ITS-TPC-TOF analysis (p T < 3 GeV/c). Tracks are required to have at least three out of the four possible hits in the external layers of the ITS (SDD and SSD) in order to have at least three dE/dx measurements to be used for the Particle IDentification (PID). This guarantees a good particle identification based on the dE/dx in the ITS. Since the azimuthal coverage of the EMCal had a significant superposition with parts of the SPD detector that were not active during the data taking, this approach has to be modified for the TPC-EMCal analysis (p T > 3 GeV/c). In this case, at least one hit in any of the two SPD layers is required and the minimum number of associated ITS hits is reduced to 3. This results in a larger contribution of conversion electrons in the inclusive electron sample. The signal-to-background ratio is, as a consequence, smaller in the TPC-EMCal analysis than in the ITS-TOF-TPC analysis at the same p T .
with e hypothesis 0.5- Electron identification is mainly based on the measurement of the specific energy loss in the TPC (dE/dx). The discriminant variable used, n TPC σ , is the deviation of this quantity from the parameterized electron Bethe-Bloch [60] expectation value, expressed in units of the dE/dx resolution [52] . This distribution is shown as a function of the track momentum in semi-central triggered events for the 20-40% centrality class in the upper left panel of Figure 1 . In the low momentum region the kaon, proton and deuteron dE/dx bands cross that of electrons. In addition, the particle identification at high momentum is limited by the merging of the dE/dx bands of electrons, pions, muons and other hadrons, therefore the information of other detectors is mandatory to select a pure sample of electrons. Table 3 summarizes the PID cuts.
At low p T (0.5 < p T < 3 GeV/c), the measured time-of-flight in the TOF detector and the dE/dx in the ITS are used in addition to the TPC dE/dx to further reject hadrons. In the top right panel of Figure 1 , the n TPC σ distribution is shown after requiring that the measured time-of-flight of the particle is compatible with the electron hypothesis within two sigmas, where sigma is the time-of-flight resolution (|n TOF σ | < 2). The kaon and proton contributions in the low momentum region are reduced but not completely removed due to wrongly associated hits in the TOF detector. This source of contamination is further suppressed using the dE/dx in the ITS. This selection is applied using the n ITS σ variable, defined in the same way as for the TPC. Electron candidates are selected with |n ITS σ | < 1 for 0.5 < p T <1.5 GeV/c and with |n ITS σ | < 2 for 1.5 < p T < 3 GeV/c, where the particles species are less separated in n ITS σ . In the lower panel of Figure 1 , the n TPC σ distribution is shown after the additional electron identification criteria in the ITS are applied. A pure electron sample is obtained by selecting tracks with − 1 < n TPC σ < 3 and 0 < n TPC σ < 3 in the intervals 0.5 < p T < 1.5 GeV/c and 1.5 < p T < 3 GeV/c, respectively. In order to keep the contamination below 5%, the stronger requirement in the p T interval 1.5 < p T < 3 GeV/c is applied due to the merging of the pion and electron dE/dx bands in the TPC.
In the p T interval 3-13 GeV/c, the electron identification is based on the measurement of the TPC dE/dx and the E/p ratio, where E is the energy of the EMCal cluster matched to the prolongation of the track with momentum p reconstructed with the TPC and ITS detectors. Unlike for hadrons, the ratio E/p is around 1 for electrons, because they deposit most of their energy in the EMCal. In addition, the EMCal cluster shape is used to improve the purity of the electron sample, because the profile of the shower produced by electrons is more circular than the one produced by hadrons [61] . In the p T interval 8-13 GeV/c, the EMCal PID selection is applied in terms of n EMCal σ , which is defined as the deviation of the measured E/p from the expected E/p for electrons obtained from data and normalized by the width of the electron E/p distribution obtained with a fit Gaussian function. Electron candidates are selected with the identification criteria −1 < n TPC σ < 3 and −2 < n EMCal σ < 3 in the p T interval 8 < p T < 13 GeV/c.
The hadron contamination in the p T interval 0.5-3 GeV/c is estimated by fitting in momentum slices the TPC dE/dx distribution after the TOF-and ITS-PID selections with a convolution of Landau and exponential functions, similarly to what was done in [62] . For p T > 3 GeV/c, the hadron contamination is obtained from the E/p distribution of reconstructed tracks in momentum slices after applying only the
Entries 0 TPC-PID selection. The estimated hadron contamination is lower than 5% up to p T = 8 GeV/c with negligible dependence on centrality, event plane and pseudorapidity and therefore it is not subtracted. The possible effect induced by this contamination is considered in the systematic uncertainties, as discussed in Section 3.3. For higher p T (8 < p T < 13 GeV/c), the contamination of hadrons is subtracted statistically from the electron sample in the n EMCal The rapidity ranges used in the ITS-TPC-TOF (p T < 3 GeV/c) and TPC-EMCal (p T > 3 GeV/c) analyses are restricted to |y| < 0.8 and |y| < 0.7, respectively, to avoid the edges of the detectors, where the systematic uncertainties related to particle identification increase. It was checked, by restricting the ITS-TPC-TOF analysis to |y| < 0.7, that the change in the results due to the different y range are not significant. In the following the notation |y| < 0.7 will be used.
Flow methods
The p T -differential azimuthal distribution of produced particles can be described by a Fourier expansion of the Lorentz invariant distribution of outgoing momenta [26]:
where E, p and ϕ are respectively the energy, momentum and azimuthal angle of the particle, and Ψ n the angle of the initial state spatial plane of symmetry of the n-th harmonic defined by the geometrical distribution of the nucleons participating in the collision. In order to determine the second harmonic coefficient v 2 , the following #» Q 2 vector is measured from the azimuthal distribution of charged particles (so called ReFerence Particles RFP):
where ϕ i are the azimuthal angles and N the multiplicity of the RFP [63] . The weights w i are described later in the text. The azimuthal angle of the #» Q 2 vector
is denoted by event plane angle and is an estimate of the second harmonic symmetry plane angle
The event plane (EP) and scalar product (SP) methods are used to measure the elliptic flow of inclusive electrons. The two methods are described in detail in the second part of this section. Both methods use the #» Q 2 vector, which is determined with the signal amplitudes in the V0 detectors at forward and backward rapidity for the EP method and with the reconstructed tracks in the TPC at mid-rapidity for the SP method. In the first case, the sum in Eq. 3 is running over the eight azimuthal sectors of each V0 detector and ϕ i is defined by the central azimuth of the i-th sector. The weights w i are equal to the signal amplitude in the i-th sector for the selected event, which is proportional to the number of charged particles crossing the sector. Non-uniformities in the V0 acceptance and efficiency are corrected for using the procedure described in [64] . Despite these corrections, a residual modulation of up to 4% is observed in the distribution dN evt /dψ 2 in central collisions. The effect is corrected for using additional event weights in order to make the ψ 2 distribution flat. The weights are obtained dividing the average expected number of events per each interval of the event plane distribution by the observed number of events in a given event plane interval. In the TPC case the weights w i described in [48] are used to correct for non-uniformities in the acceptance and efficiency of the TPC. In the second case, the sum in Eq. 3 is running over tracks reconstructed in the TPC and selected with the following criteria: at least 70 associated space points in the TPC out of the maximum of 159, a χ 2 per TPC point of the momentum fit in the range 0.2 < χ 2 /point < 4 and a transverse momentum value in the interval 0.2 < p T < 5 GeV/c. Additionally, tracks are rejected if their distance of closest approach to the primary vertex is larger than 3.2 cm in the z direction and 2.4 cm in the (x,y) plane. In order to minimize the non-uniformities in the azimuthal acceptance, no requirement is applied on the number of ITS hits associated to tracks. In the case of the scalar product method, unit track weights w i are used in the construction of the #» Q 2 vector, and possible non-uniformities in the detector are corrected with the non-uniform acceptance correction described in [65] .
Following [63] , the electron elliptic flow can be measured with the event plane method using the following equation:
where the brackets in the numerator indicate the average over electrons with azimuthal angle ϕ at midrapidity in all the events. The factor R 2 is the event plane resolution correction, a quantity smaller than unity that depends on the multiplicity and v 2 of the RFP. The resolution of the event plane determined with the V0 detectors is measured with the three sub-event method [48] , namely the signals in the V0 detectors (both A and C sides) and the tracks in the positive (0 < η < 0. , respectively, after statistical subtraction of the hadron contamination in each of the ∆ϕ interval. In this case, v 2 {EP} is given by:
The yield of electron candidates that do not originate from heavy-flavour hadron decays, which can be reconstructed only statistically, is measured in p T and ∆ϕ intervals in order to measure the elliptic flow of background electrons. The dN/d∆ϕ distributions of background electrons are then fitted in each p T interval with the following function:
where N 0 and v Bkg 2 are the fit parameters. The effect of higher harmonics on v 2 estimated with Eq. 6 and 7 is assumed to be negligible.
The measurement of the elliptic flow with the scalar product method [66, 67] , a two particle correlation technique, is given by:
where M A and M B are the multiplicities and #» Q A 2 and #» Q B 2 are the #» Q 2 vectors of two sub-events A and B, determined from TPC tracks in the positive (0 < η < 0.8) and negative (−0.8 < η < 0) pseudorapidity regions, respectively. The brackets in the numerators indicate the average over electrons with unit vector of the momentum at the primary vertex projected on the transverse plane #» u A 2 ( #» u B 2 ) in the sub-event A (sub-event B). The sub-event procedure is applied in order to avoid auto-correlations between the electron candidates and the #» Q 2 vectors, and in order to suppress non-flow contributions, like resonance decays and particles produced within jets.
The elliptic flow measurements carried out with the event plane method could lead to ambiguous results lying between the event-averaged mean v 2 value and the root-mean-square value, as a consequence of the presence of event-by-event flow fluctuations [67] . Those ambiguities are resolved using the scalar product method, that always yields to the root-mean-square value.
Inclusive electron elliptic flow and systematic uncertainties
The measured elliptic flow of inclusive electrons is shown in Figure 3 in the centrality classes 0-10%, 10-20% and 20-40% as a function of p T using the event plane (black markers) and the scalar product Several sources of systematic uncertainty affecting the electron elliptic flow measurement are considered. In the case of the EP method, two systematic uncertainty sources can affect the event plane resolution correction factor R 2 . The first source arises from the presence of non-flow correlations between the two TPC sub-events used to calculate the resolution. A wider pseudorapidity gap (|∆η| > 0.4) is used in the systematic studies. A maximum difference of 2% was observed in most central collisions, while in the more peripheral ones the difference was observed to be smaller than 1%. The second contribution is due to the variation of R 2 within the centrality classes used for the analysis. The inclusive electron yield is assumed to be flat within a centrality class when computing R 2 . The resulting systematic uncertainty is estimated by recomputing the R 2 value for each centrality class as weighted average of the values in finer centrality intervals (of 5 percentiles) with weights given by the corresponding electron yields. Since R 2 strongly depends on the centrality, in the most central collisions the systematic uncertainty is found to be larger (2.7% in the 0-10% centrality class) than in the more peripheral ones (1%).
For both methods (EP and SP), the systematic uncertainty due to the hadron contamination in the electron sample is estimated for p T < 8 GeV/c by comparing the inclusive electron v 2 results with the ones obtained after statistically subtracting the hadron contribution. The resulting uncertainty is found to be of the order of 1% at low p T , increasing up to 5% at p T = 8 GeV/c.
In order to study the stability of the measurements as a function of the applied selection criteria, the track selection and PID cuts are systematically varied around the value chosen in the analysis. The standard deviation of the v 2 value distribution obtained with different selection criteria in each p T interval is taken as systematic uncertainty. This contribution is small (2%) at low p T (p T < 3 GeV/c), whereas it becomes the dominant source of uncertainty at high p T , reaching an average of 35% over p T and centrality class for p T > 8 GeV/c dominated by the PID cut variation.
The events selected with the EMCal trigger could have a bias in the event plane direction induced by the triggering in the limited azimuthal coverage of the EMCal detector. According to a trigger simulation study, the effect on the elliptic flow measurement is expected to be larger for particles that do not generate a trigger signal in the detector, like hadrons, than for the particles which triggered the event (electrons, photons). The systematic uncertainty is estimated as the difference between the v 2 of charged particles in full azimuth measured in the semi-central triggered events and the v 2 of charged particles in the EMCal azimuthal coverage and triggered by the EMCal detector. The systematic uncertainty increases with p T and it is found to be of the order of 20% in the 10-20% centrality class and less than 5% in the 20-40% centrality class. The various systematic uncertainties are finally added in quadrature.
Correction for background electrons
The raw inclusive electron candidate sample consists of three main components:
1. electrons from heavy-flavour hadron decays and dielectron decays of quarkonia (e.g. J/ψ, ϒ); 2. photonic background electrons from Dalitz decays of light neutral mesons and the conversion of their decay photons in the detector material, as well as from virtual and real thermal photons from hard scattering processes, the latter converting in the material of the detector;
3. background electrons from weak K 0 → e ± π ∓ ν e (K e3 ) decays, and dielectron decays of light vector mesons.
In this analysis, electrons from quarkonium decays are included in the definition of heavy-flavour decay electrons. The only relevant contribution arises from J/ψ decays, which amounts to about 5.5% in the p T interval 3-4 GeV/c in central collisions and decreases towards higher p T . It was estimated by using an interpolation at √ s = 2.76 TeV of the p T -differential cross section measured in pp collisions at various centre of mass energies [68] and scaling with the measured nuclear modification factor [69, 70] .
In order to obtain the elliptic flow of heavy-flavour decay electrons, the background contributions are subtracted from the inclusive electron v 2 . The background electron yield is dominated by the contribution of photonic electrons. The background from electrons from non-photonic sources, namely weak K 0 → e ± π ∓ ν e (K e3 ) decays, and dielectron decays of light vector mesons, is indeed negligible as discussed in Section 3.4.2. Two strategies are adopted for the electron background v Bkg 2 subtraction depending on p T : the invariant mass method [46] (Section 3.4.1) is used at low p T (p T < 1.5 GeV/c), while a cocktail method [71] (Section 3.4.2) is used for p T > 1.5 GeV/c, because of the lower yield of background electrons.
Invariant mass method
Electrons from direct γ decays, γ-conversions and Dalitz-decays of π 0 and η mesons are always produced in electron-positron pairs with a small invariant mass (m e + e − ) following a Kroll-Wada distribution [72] peaked at zero. Such correlation does not hold for heavy-flavour decay electrons. This property is used in the invariant mass method to measure the photonic electron backgrounds. The fraction of Dalitz decays of higher mass mesons (ω, η ′ , φ ), estimated with the cocktail method, is found to be negligible. Photonic electrons are reconstructed statistically by pairing an electron(positron) track with opposite charge tracks identified as positrons(electrons), called associated electrons in the following, from the same event selected with the requirements listed in Table 4 . The pair invariant mass distribution is computed in each p T and ∆ϕ interval of the inclusive electron tracks. The combinatorial background is subtracted using the like-sign invariant mass distribution in the same interval. A summary of the selection criteria applied on the electron-positron pairs is presented in Table 4 .
Due to detector acceptance and inefficiencies, not all photonic electrons of the inclusive electron sample are identified with this method. Therefore, the raw yield of reconstructed photonic electrons is corrected for the efficiency to find the associated electron(positron) with the selection criteria described above. This efficiency is estimated with Monte Carlo simulations. A sample of Pb-Pb collisions with enhanced π 0 and η yields was generated with HIJING v1.36 [73] . The transport of particles in the detector is simulated with GEANT3 [74] . The simulated π 0 and η p T distributions are weighted so as to Associated electron cuts p T assoc (GeV/c) > 0.15 for 0.5 < p T < 3 GeV/c > 0.3 for 3 < p T < 8 GeV/c > 0.5 for 8 < p T < 13 GeV/c |y assoc | < 0.9 Number of TPC points ≥ 80 Number of ITS hits ≥ 2 DCA assoc xy < 2.4 cm DCA assoc z < 3.2 cm TPC dE/dx cut −3 < n TPC σ < 3 Electron-positron pair cuts m e + e − (MeV/c 2 ) < 70 for 0.5 < p T < 3 GeV/c < 140 for 3 < p T < 13 GeV/c match the measured π 0 and π ± p T spectra [75, 76] and the corresponding η p T spectra assuming m Tscaling [77, 78] , respectively. The photonic electron reconstruction efficiency increases with the p T of the electron, reaching a value of about 60% at high p T . The inclusive-to-background ratio (1 + R SB ) is calculated by dividing the inclusive electron yield by the yield of photonic electrons corrected for the efficiency to find the associated electron. (see Eq. 1) at low p T (p T < 1.5 GeV/c) is performed with a fit to the dN/d∆ϕ distributions of photonic electrons reconstructed with the invariant mass method in each p T interval (see Eq. 7). At higher p T (p T > 1.5 GeV/c), the electron yield becomes too small to perform a p T and ∆ϕ-differential measurement of the photonic electrons. Figure 7 shows the v 2 of photonic electrons measured with the invariant mass method (full markers) as a function of p T in the centrality classes 0-10%, 10-20% and 20-40%.
The systematic uncertainties of both the inclusive-to-background ratio and v Bkg 2 are estimated by varying the selection criteria listed in Table 4 . For p T > 8 GeV/c the TPC and EMCal PID requirements for the inclusive electron candidates are also varied in order to take into account possible systematic uncertainties from the estimation of the hadron contamination. In addition, for the inclusive-to-background ratio the small dependence of the photonic electron reconstruction efficiency on the p T spectra of the background sources is taken into account by calculating the efficiency for different π 0 and η p T spectra. The dependence of the centrality on the systematic uncertainty of the inclusive-to-background ratio is found to be negligible. The contributions to the inclusive-to-background ratio systematic uncertainty are summarized in Table 5 : the final overall systematic uncertainty is obtained summing in quadrature the different contributions. For v Bkg 2 , the systematic uncertainty of the event plane correction factor R 2 is estimated using the same procedure as for the inclusive electron v 2 and is found to be the same. Moreover, the difference between the v Bkg 2 measured with the invariant mass method and the one obtained with the cocktail method is taken point by point and added as an additional source of asymmetric systematic uncertainty up to p T = 1.5 GeV/c (about −20% in the centrality class 0-10% and −10% in the semi-central centrality classes 10-20%, and 20-40%). The systematic uncertainties coming from the variation of the selection criteria are found to be of the order of ±20% in the 0-10% most-central collisions and ±10 % in the centrality classes 10-20% and 20-40%. Finally, the overall systematic uncertainty on the measured v Table 5 : Systematic uncertainties of the inclusive-to-background ratio (1 + R SB ). The centrality dependence of these systematics is found to be negligible. (see text for more details).
Cocktail method
The v Bkg 2 was also estimated using the cocktail method. A cocktail of electron spectra from background sources is calculated using a Monte Carlo event generator of hadron decays. This method requires that the momentum and elliptic flow distributions of the relevant background sources are well known. The contribution from dielectron decays of light vector mesons is small (below 5% of the total background electrons considered above). For the consistency with the invariant mass method, the contributions from K e3 and quarkonia (e.g. J/ψ and ϒ) decays to the inclusive electron spectrum are not included in the background cocktail. The K e3 and ϒ contributions are not expected to be relevant in the p T range of the analysis. In pp collisions at √ s = 7 TeV and √ s = 2.76 TeV, the relative contribution from K e3 decays to the electron background was observed to decrease with p T , from a maximum of 0.5% at p T = 0.5 GeV/c for the same track requirement in the first pixel layer [62] . It is expected to stay below 1% in Pb-Pb collisions in the p T range considered after taking into account the different R AA of the π 0 [75] and K ± [76] .
Neutral pions play an important role in the cocktail. The p T and v 2 distributions of all light scalar and vector mesons included in the cocktail are deduced from the π 0 spectra assuming m T [77, 78] and KE T [28, [79] [80] [81] scaling, respectively. Indeed, electrons from π 0 decays are the most important background source, except in the 0-10% and 10-20% centrality classes for high electron p T (p T > 8 GeV/c and p T > 10 GeV/c, respectively), where contribution from direct photons starts to dominate. The contribution of π 0 decays to the electron background is twofold: via the Dalitz decay π 0 → e + e − γ and via conversions in the detector material of photons from the decay π 0 → γγ. In principle, the π 0 p T and v 2 distributions used in the Monte Carlo event generator should be based on measured π 0 spectra [75] and v 2 . However, because of the higher statistical precision of the combined charged pion p T spectra [76] and the fact that neutral-pion and charged-pion p T spectra are found to be consistent, the average of the measured charged-pion p T spectra, (π + + π − )/2, is used as input for the cocktail calculations. The upper-left panel of Figure 5 shows the comparison of the neutral and chargeaveraged yields of pions in the centrality class 10-20% together with a fit to the π ± data with a modified Hagedorn function [83] . The p T spectra are extrapolated up to 25 GeV/c using the fit function. In the last p T interval of the measured inclusive electron spectra (10 < p T < 13 GeV/c), about 10% of electrons from Dalitz π 0 decays are expected to come from a π 0 with a p T larger than 25 GeV/c. At such high p T , due to the similar v 2 of all particle species at high p T , this contribution is found to be negligible. The systematic uncertainty on the heavy-flavour decay electron v 2 arising from the background sources is estimated to be smaller than 6% in the last two p T intervals 8-10 and 10-13 GeV/c. The bottom-left panel of Figure 5 shows the ratio of the π ± data, as well as π 0 data, to the fit function. The former is consistent with unity within 5% over the full p T range, whereas the latter is considered in the v The p T -dependent π ± elliptic flow [28, 45, 82] is used as input for the cocktail calculations. The upperright panel of Figure 5 shows the v 2 of charged pions measured in the 10-20% centrality class together with the fit function that is used in the cocktail simulations. The ratio of the data to the fit function is presented in the bottom-right panel. The function used to fit the v 2 of charged pions is an empirical function made by the convolution of trigonometric and error functions. Measurements performed with the scalar product [28] and event plane [45, 82] methods have been used at low-intermediate p T (p T < 6 GeV/c) and higher p T (3 < p T < 16 GeV/c), respectively. The scalar product and event plane methods give compatible results within the uncertainties in the common p T range 3 < p T < 6 GeV/c. The v 2 values are extrapolated from p T = 16 GeV/c up to p T = 25 GeV/c. The elliptic flow of electrons from π 0 Dalitz decays is estimated from that of π 0 mesons using the PYTHIA 6 [84] event generator to simulate the Dalitz decay. The parameterized v 2 of π 0 and the one of their decay electrons are shown in Figure 6 as a function of p T .
The treatment of electrons from photon conversions in the detector material uses the GEANT4 functionality of pair production [85] . It has been implemented in the cocktail by forcing all decay photons to produce an e + e − pair immediately after their creation without propagating them through the ALICE apparatus. The contribution of electrons from photon conversions is scaled according to the radiation length of the crossed material. At low p T (p T < 3 GeV/c), electron tracks are required to be associated with two hits in the SPD. The effective converter thickness is estimated to be x/X 0 = (0.77 ± 0.07)%, including the beam pipe, air and part of the innermost pixel layer at y = 0 [62] . The indicated radiation thickness is averaged over the pseudorapidity range of the analysis. At higher p T (p T > 3 GeV/c), tracks with one hit in the SPD are also used. Therefore, the material of the second pixel layer is also taken into account, leading to an effective converter thickness of x/X 0 = (2.15 ± 0.11)% [62] . The results of the cocktail for photon conversion were found to be consistent within uncertainties with a full simulation test where the generated particles were propagated through the ALICE apparatus using GEANT3 [86] . The elliptic flow of electrons from the conversion of π 0 decay photons is found to be comparable to the one of electrons from π 0 Dalitz decays.
The contributions of direct photons, thermal photons from the hot partonic and hadronic phase and photons that could be produced in the interactions of hard scattered partons with the medium, are included in the cocktail of background electrons. These sources can give both electrons from photon conversion in the detector material and electrons from virtual photons. The production of real prompt photons was measured at mid-rapidity in Pb-Pb collisions in the p T interval 0.9-14 GeV/c [87] . The spectra are fitted and extrapolated towards lower and higher p T (0.5 < p T < 25 GeV/c). At intermediate-high p T (p T > 5 GeV/c), the p T spectrum of real prompt photons has been calculated with next-to-leadingorder perturbative QCD calculations for pp collisions at 2.76 TeV [88, 89] and scaled to fit the ALICE measurements in Pb-Pb collisions [87] . This assumes that the other contributions are negligible in this p T range and that the shape of the p T spectra of real prompt photons is not modified in heavy-ion collisions, which is justified by the experimental results. At low p T , the dominant contribution of thermal photons in the measured real direct photon p T spectra was taken into account by adding an exponential term to the fit function. The p T spectra of virtual photons are obtained using the Kroll-Wada function [72] . The elliptic flow of real direct photons was measured in the centrality class 0-40% [90] . To estimate the elliptic flow in the smaller centrality classes 0-10%, 10-20% and 20-40%, the measurement is scaled by the ratio of the measured charged pion v 2 in the 0-40% centrality class. Finally, the elliptic flow of virtual photons is assumed to be identical to the one of real photons.
The elliptic flow of background electrons is estimated by summing the various background electron sources according to their relative contribution to the total background. The main background contributions are due to π 0 and prompt photons. In addition, the contributions of thermal photons (at low p T in the 0-10% and 10-20% most central Pb-Pb collisions) and η are also relevant. The total systematic uncertainty of v Bkg 2 estimated with the cocktail method is obtained by adding in quadrature the contributions from several sources, namely:
-the statistical and systematic uncertainties of the v 2 and p T measurements of π ± and direct photons, -the quality of the fits and extrapolations of the π ± and direct photon spectra, -the systematic uncertainties on the KE T and m T scaling used to estimate the v 2 and p T distributions of higher mass mesons, respectively, -the approximation of the π 0 p T and v 2 distributions by the corresponding π ± spectra.
The first one leads to the largest systematic uncertainty. It is evaluated by parameterizing the data along the upper and lower ends of their statistical and systematic uncertainties added in quadrature and generating again the complete cocktail of electron spectra based on these new parameterizations. The right panel of Figure 5 shows examples of such fits for the p T dependence of the π ± v 2 in the centrality class 10-20%. The uncertainties of the measured p T spectra have a smaller influence on the resulting v Bkg 2 than those of the measured v 2 spectra. The uncertainty on the KE T scaling assumption is estimated by comparing the kaon v 2 obtained by KE T scaling to the measured one [28] . The resulting systematic uncertainty is 8% for 0-10%, 6% for 10-20% and 4% for 20-40%. These numbers are consistent with those reported in [28] . Because of their similar mass, it is expected that the elliptic flow of η and the one of K are similar and thus these numbers are taken directly for the η KE T scaling uncertainty. For the other heavier mesons the KE T scaling does not hold precisely [28, 81] ; however, these other particles have an extremely low weight in the cocktail, and thus these uncertainties are neglected. The m T -scaling approach ensures that, at high p T , the transverse-momentum distributions are the same for all meson species. The normalization of the heavier meson spectra relative to the pion spectrum was determined by the ratios of heavier meson yields to neutral pion yields at high p T (p T > 5 GeV/c). The values together with their uncertainties used in the analysis are taken from [78] . At low p T (p T < 3-4 GeV/c) some deviations from the m T -scaling approach are expected due to in-medium effects like radial flow. The m T -scaling based cocktail is found to be in agreement within statistical uncertainties with a cocktail based on the η/π 0 -ratio measured in pp collisions at √ s = 7 TeV [91] . Also, due to the similarity of the elliptic flow of decay electrons and conversion electrons originating from the dominating mother mesons (π 0 and η), the material budget uncertainty was found to have no significant effect.
Two additional sources of systematic uncertainty related to the electron track reconstruction were studied. First, reconstructed electron candidates have a limited p T resolution. In particular, Bremsstrahlung in the detector material shifts their reconstructed p T towards lower values. Secondly, hits in the SPD can be wrongly associated to a track with a probability increasing with decreasing p T . This leads to an increase of the amount of electrons from photon conversions occurring beyond the SPD layers in the inclusive electron sample and a degradation of the p T and ϕ resolutions of tracks used in the analysis. The resulting effects on v Bkg 2 were evaluated with the cocktail method using SPD hit mismatch probabilities and resolution maps obtained with a full simulation of the ALICE apparatus. No significant change of v Bkg 2 was observed .
The v
Bkg 2 estimated with the cocktail method is shown as a function of p T (0.5 < p T < 13 GeV/c) in the centrality classes 0-10%, 10-20% and 20-40% in Figure 7 , together with the one obtained with the invariant mass method (0.5 < p T < 1.5 GeV/c). The results are consistent within the systematic uncertainties in the three centrality classes.
Results
The elliptic flow of heavy-flavour decay electrons v e ± ←−HF 2 is computed using Eq. 1. The systematic uncertainties on v e ± 2 , R SB and v Bkg 2 are propagated to v e ± ←−HF 2 . The error propagation for the background subtraction is based on an approximation of a second order error propagation [92, 93] , where differently from the Gaussian approximation, not only linear effects of the error propagation are considered but also quadratic effects. This is necessary especially in case the non-linearity of the subtraction can not be neglected anymore. The basic concept is that the upper and lower systematic errors are both found by independently varying the uncertainties of the input variables by one sigma up and down. The value of v e ± ←−HF 2 is obtained only with the event plane method, because the charged-pion v 2 measurements with the scalar product method are not available at high p T for the estimation of v Figure 9 shows the centrality dependence of the elliptic flow of heavy-flavour decay electrons in two p T intervals (1.25-1.5 GeV/c and 2.5-3 GeV/c). In the interval 1.25 < p T < 1.5 GeV/c the contribution from charm hadron decays is expected to be dominant in the heavy-flavour decay electron sample, whereas in the higher p T interval the beauty-hadron decays should start to be relevant. In pp collisions at √ s = 2.76 TeV, beauty hadron decays are indeed the dominant source of heavy-flavour decay electrons for p T > 4.5 GeV/c [94] . A decreasing trend of v e ± ←−HF 2 towards central collisions is observed. This is consistent with a final-state anisotropy in momentum space driven by the initial geometrical anisotropy of the nucleons participating in the collision, which increases towards peripheral collisions. This result indicates that the interactions with the medium constituents transfer to heavy quarks, mainly charm, information on the azimuthal anisotropy of the system, possibly suggesting that charm quarks participate in the collective expansion of the system.
The elliptic flow of prompt D mesons was measured at mid-rapidity in the centrality classes 0-10%, 10-30% and 30-50% for p T > 2 GeV/c [47, 48] . The results are similar to those of heavy-flavour decay electrons after taking into account the decay kinematics, which shifts their maximum value of v 2 to lower p T with respect to their parent D mesons. At forward rapidity (2.5 < y < 4), the elliptic flow of heavy-flavour decay muons v
was measured with various methods in the centrality classes 0-10%, 10-20% and 20-40% [49] . Figure 10 shows the comparison of v e ± ←−HF 2 at mid-rapidity and v µ ± ←−HF 2 at foward rapidity obtained with the two-particle Q-cumulant method with |∆η| > 1.7. The observed v 2 of heavy-flavour decay leptons is similar at mid-and forward rapidity. Figure 11 shows the comparison of the measured heavy-flavour decay electron elliptic flow in the 20-40% centrality class with theoretical model calculations. BAMPS [95, 96] is a partonic transport model based on the Boltzmann approach to multi-parton scatterings. Two versions are presented. In the first one, BAMPS el. [95] , heavy quarks interact with the medium via collisional (elastic) processes computed with running strong coupling constant. The binary cross section is scaled with a correction factor in order to mimic the contribution of radiative processes, which are not included. The heavy-flavour decay electron elliptic flow and nuclear modification factor measured at RHIC are used to tune this factor. In the second version, BAMPS el. + rad. [96] , radiative processes are included as well. In both approaches, the hadronisation uses a vacuum fragmentation function. TAMU [97] is a heavy-flavour transport model that incorporates energy loss via collisional processes with resonance formation and dissociation in an evolving hydrodynamic medium. The hydrodynamical expansion of the medium is constrained by the measured p T and v 2 spectra of light-flavour hadrons. The hadronisation contains a component of recombination of heavy quarks with light-flavour quarks from the QGP. Diffusion processes in the hadronic phase are also included. POWLANG [98] is a transport model based on the Langevin transport equation with collisional energy loss in an expanding, deconfined medium. Hadronisation uses a vacuum fragmentation function. A more recent version of POWLANG [99] uses an in-medium hadronisation resulting in a larger v 2 for the D meson. MC@sHQ+EPOS [100] is a perturbative QCD model which includes radiative (with Landau-Pomeranchuk-Migdal correction [101] ) and collisional energy loss in an expanding medium. A component of recombination of heavy quarks with light-flavour quarks from the QGP is also incorporated in the model. The medium fluid dynamical expansion is based on the EPOS model [102] . The elliptic flow of heavy-flavour decay electrons is qualitatively described by the models including significant interactions of heavy quarks with a hydrodynamically-expanding QGP. Mechanisms like collisional processes and hadronisation via recombination transfer to heavy quarks and heavy-flavour hadrons the elliptic flow induced during the system expansion, and are able to describe the measured positive v e ± ←−HF 2 at intermediate p T . The p T dependence of v 2 reflects the interplay between significant scatterings with the constituents of an expanding medium at low and intermediate p T , and the path-length dependence of the parton energy loss in the hot and dense matter at high p T . Models which underestimate the elliptic flow of heavy-flavour decay electrons at low and intermediate p T (POWLANG and BAMPS el. + rad) underestimate as well the elliptic flow of prompt D mesons at mid-rapidity [48, 103] . Similarly BAMPS el. which reproduces qualitatively the elliptic flow of heavy-flavour decay electrons, describes at mid-rapidity the prompt D meson v 2 [48] and at forward rapidity the heavy-flavour decay muon v 2 [49] .
Comparison with model calculations

Conclusions
We presented the elliptic flow of electrons from heavy-flavour hadron decays at mid-rapidity (|y| < 0. This result indicates that the interactions with the medium constituents transfer to heavy quarks, mainly charm, information on the azimuthal anisotropy of the system, possibly suggesting that charm quarks participate in the collective expansion of the system. At higher p T (p T > 4 GeV/c) the measured v 2 is consistent with zero within large uncertainties. The centrality dependence of the heavy-flavour decay electron elliptic flow was studied in two p T intervals (1.25-1.5 GeV/c and 2.5-3 GeV/c). At low p T the contribution from charm hadron decays is expected to be dominant, whereas it decreases at higher p T . A decrease of v 2 of electrons from heavy-flavour hadron decays towards more central collisions is observed in particular at low transverse momentum (1.25 < p T < 1.5 GeV/c). Such a trend is expected from the increase of the initial spatial anisotropy from central to peripheral collisions. The elliptic flow of heavy-flavour decay electrons at mid-rapidity (|y| < 0.7) is found to be similar to the one of heavy-flavour decay muons at forward rapidity (2.5 < y < 4). The elliptic flow of electrons from heavy-flavour hadron decays is compared to theoretical model calculations. The anisotropy is best described by models that include significant interactions of heavy quarks with the medium and mechanisms, like collisional energy loss and hadronisation via recombination, that transfer to heavy quarks and heavy-flavour hadrons the elliptic flow produced during the system expansion. [26] S. Voloshin and Y. Zhang, "Flow study in relativistic nuclear collisions by Fourier expansion of Azimuthal particle distributions," Z.Phys. C70 (1996) 
